Nonlinear superheat and capacity control of a refrigeration plant by Rasmussen, Henrik & Larsen, Lars F. S.
 
  
 
Aalborg Universitet
Nonlinear superheat and capacity control of a refrigeration plant
Rasmussen, Henrik; Larsen, Lars F. S.
Published in:
17th Mediterranean Conference on Control and Automation
DOI (link to publication from Publisher):
10.1109/MED.2009.5164688
Publication date:
2009
Document Version
Publisher's PDF, also known as Version of record
Link to publication from Aalborg University
Citation for published version (APA):
Rasmussen, H., & Larsen, L. F. S. (2009). Nonlinear superheat and capacity control of a refrigeration plant. In
17th Mediterranean Conference on Control and Automation (pp. 1072-1077). IEEE.
https://doi.org/10.1109/MED.2009.5164688
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.
Downloaded from vbn.aau.dk on: November 28, 2020
Nonlinear superheat and capacity control of a
refrigeration plant
Henrik Rasmussen
Department of Electronic Systems
Aalborg University
DK-9200 Aalborg, Denmark
Email: hr@es.aau.dk
Lars F. S. Larsen
Danfoss A/S, Nordborg, Denmark
Email: Lars.Larsen@Danfoss.com
Abstract—This paper proposes a novel method for superheat
and capacity control of refrigeration systems. A new low order
nonlinear model of the evaporator is developed and used in a
backstepping design of a nonlinear controller. The stability of the
proposed method is validated theoretically by Lyapunov analysis
and experimental results shows the performance of the system
for a wide range of operating points. The method is compared
to a conventional method based on a thermostatic superheat
controller.
NOMENCLATURE
p time derivative operatord/dt
Le length of the evaporator
le length of the evaporator two phase section
ṁe refrigerant mass flow rate
hi specific enthalpy, inlet evaporator
hg specific enthalpy, end of two phase section evaporator
ho specific enthalpy, outlet evaporator
hlg specific evaporation energy, refrigerant
Te refrigerant boiling temperature
Pe refrigerant pressure, evaporator
fc compressor speed
TSH superheat, evaporator
Tw,in temperature of water into the evaporator
Tw,out temperature of water out of the evaporator
ṁw mass flow of water
cw specific heat capacity of water
αw heat transfer coefficient water-wall
αe heat transfer coefficient refrigerant-wall
B width of evaporator
H hight of evaporator
I. I NTRODUCTION
The basic components in a refrigeration system are expan-
sion valve, evaporator, compressor and condenser. One of the
key variables that greatly effects the efficiency of the system,
is the filling of the evaporator. The filling is indirectly mea-
sured by the superheat defined as the difference between the
outlet temperature of the gas and the evaporation temperatur .
Conventionally the superheat is controlled by adjusting the
opening degree of the expansion valve. To utilize the potential
of the evaporator to its maximum the filling should be as high
as possible, i.e. the superheat should be kept as low as possible.
This is a common control strategy and examples can be found
in [8], [7] and [9]. However the fact that the superheat is highly
nonlinear depended on the point of operation, the evaporator
design and the characteristic of the expansion valve, limits
the obtainable performance with standard PID controllers.
Previously work by [4] and [6] has proved that gain scheduling
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Fig. 1. Layout of the test refrigeration system including conventional control
loops.
is a way to handle these gain variations. In a refrigeration
system with variable speed compressor controlling the suction
pressure and an expansion valve controlling the superheat t
effect of cross coupling between the loops (hunting) may
lead to instability or unacceptable performance, as described
in [11]. Motivated by these difficulties, this paper proposes
a novel approach to a model-based superheat and capacity
control. As for the conventional controller the new control
strategy controls the superheat temperature by the the opening
degree of the expansion valve and the suction pressure by the
compressor speed. Based on a develloped low order nonlinear
model, with refrigerant flow and compressor speed as input
and superheat temperature and suction pressure as output,
a method based on backstepping is used for the controller
design. Because backstepping design is based on Lyapunov
stability, the controller is stable with a nerly perfect decoubling
between capacity and superheat temperature for resonable
coice of gains in the controller. Experiments on a test system
shows an excellent performance both during startup and for
variation of coling capacity by step change of the compressor
speed between minimum and maximum. The new controller
is also compared to a conventional controller based on a
thermostatic expansion valve (TXV) for controlling of the
superheat.
II. SYSTEM DESCRIPTION
The test system fig. 1 is a simple refrigeration system
with water circulating through the evaporator. The heat load
on the system is maintained by an electrical water heater
with an adjustable power supply for the heating element. The
compressor, the evaporator fan and the condenser pump are
equipped with variable speed drives so that the rotational
speed can be adjusted continuously. The system is furthermor
equipped with an electronic expansion valve that enables a
continuous variable opening degree. The system has tempe-
rature and pressure sensors on each side of the components in
the refrigeration cycle. Mass flow meters measures the mass
flow rates of refrigerant in the refrigeration cycle and water
on the secondary side of the evaporator. Temperature sensors
measure the inlet and outlet temperature of the secondary
media on respectively the evaporator and the condenser. The
applied power to the condenser fan and the compressor is
measured. Finally the entire test system is located in a climate
controlled room, such that the ambient temperature can be
regulated. For data acquisition and control the XPC toolbox
for SIMULINK is used.
III. M ODELING AND VERIFICATION
A. Model overview
A detailed model for an evaporator based on the con-
servation equations of mass, momentum and energy on the
refrigerant, air and tube wall. This leads to a numerical
solution of a set of differential equations discretized into a
finite difference form, see [5]. This model gives very detailed
information to the control designer comparable to the real
system. This means that it is useful for testing of controlles,
but due to the high complexity not for design of new control
principles.
A simpler model may be obtained by using a so called
moving boundary model for the time dependent two phase
flows and by assuming that spatial variations in pressure are
negligible, wich means that the momentum equation is no
longer necessary. The numerical solution may describe the
system quite well and results are shown in [2] and [3]. The
moving boundary model is very general and may be fitted to
most evaporator types.
By simplifing of the moving boundary model further a
very simple nonlinear model describing the dominating time
”constant” and the nonlinear behavior between input and
output is obtained. The gain and time constant variations
as a function of the inputs and disturbances are expressed
analytically. Following approximations made are
• fluid flow is one-dimensional
• spatial variations in pressure are negligible
• axial conduction is negligible
• cross sectional area of flow stream is constant
• the heat transfer coefficient from water to wall is small
compared to the heat transfer coefficient from wall to
boiling refrigerant
• the energy for super heating the gas is negligible com-
pared to the energy for evaporating the refrigerant
• the heat capacity of the wall between water and refriger-
ant is considered to be negligible.
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Fig. 2. Schematic drawing of the evaporator
B. Energy and mass balance two phase section
The mass and energy of the two phase section are given by
Me(t) = (ρl(1 − γe) + ρgγe)BHle(t)
Ue(t) = (ρl(1 − γe)hl + ρgγehg)BHle(t)
(1)
where it is assumed that the work associated with the rate of
change of pressure with respect to time is negligible. From (1)
the following relation is obtained
Ue − hgMe = −ρl(1 − γe)(hg − hl)BHle (2)
If it is furtherly assumed that void fractionγe is constant
independent ofle, and variation ofhg andhl due to pressure
variation is neglected, the following relation is obtained
U̇e − hgṀe = −ρl(1 − γe)(hg − hl)BH
dle
dt
(3)
The mass and energy balance is given by
Ṁe = ṁe − ṁcomp
U̇e = hiṁe − hgṁcomp + α1Ble(Twater − Te)
(4)
Combining (3) and (4) then gives
ρl(1 − γe)(hg − hl)BH
dle
dt
=
(hg − hi)ṁe − α1Ble(Twater − Te)
(5)
The first term on the right side corresponds to the energy
difference between the refrigerant leaving and entering the two
phase section of the evaporator. The second term is the rate
of the heat transfer from water to refrigerant. The left side
describes the change of energy of the two phase section. From
refrigerant data [10] we have
hg = HDewP (Pe)
hi = HBubP (Pc)
hl = HBubP (Pe)
Te = TDewP (Pe)
ρ−1g = V DewP (Pe)
ρ−1l = V BubP (Pe)
(6)
Insertion of (1) in (4) then gives
d(ρl(1 − γe) + ρgγe)BHle
dPe
dPe
dt
= ṁe − ṁcomp (7)
Assuming the liquid to be incompressible (7) becomes
BHleκ
dPe
dt
= ṁe − ṁcomp (8)
with κ = dρg
dPe
.
C. Superheat section
If the axial conduction is negligible and the heat capacity of
the watercpṁwater >> cp,eṁe the superheatTSH becomes
TSH = (Twater − Te)
[
1 − exp
{
−α1B(Le−le))
cp,eṁe
}]
(9)
D. Compressor
The piston compressor model is developed from factory
given data as
ṁcomp = αcPefc (10)
whereαc is a function ofPe andPc. AssumingPc = Pc,ref
due to control of the condenser fan the variation ofαc is
only caused by variation ofPe. In the working area for the
system this variation is less than5% andαc is considered as
a constant. Equ. (10) in (8) then gives
BHleκ
αcfc
dPe
dt
= −Pe +
ṁe
αcfc
(11)
E. Combined model
Te = TDewP (Pe)
c1ẋe = (hg − hi)ṁe − c0(Tw − Te)xe
c2
fmin
fc
Ṗe = −Pe +
ṁe
αcfc
TSH = (Tw − Te)
[
1 − exp
{
− 1−xe
xδ
}]
(12)
with:
a) c1 = ρl(1 − γe)(hg − hl)BH
b) c2 = BHleκ/(αcfmin)
b) c0 = α1BLe
c) xδ = cp,eṁe/(α1BLe)
d) xe = le/Le
F. Control input and measurement
The control inputs arefc andṁe and the measured values
are TSH , Pe and Tw. From these measurements the relative
lengthxe of the two phase section is obtained by
xe,meass = 1 − xδ log
Tw−Te
Tw−Te−TSH
(13)
G. Model verification
The model parameters to be estimated are(c1, c2) and
θ = (αc, xδ, c0). A series of experiments giving large signal
excitation of the system for different working conditions are
performed. Simulation using the model (12) with the same
input (ṁν , fcomp,ref ) as used in the experiment then gives
the output(Pe, TSH). The constantsc1 andc2 are first found
by visual fitting of simulated and measured values of the
output. Using these values for all experimentsθ may now be
determined by minimizing the performance function
J(θ) =
1
t2−t1
∫ t2
t1
{K0(Pe − Pe,meass)
2 + (TSH − TSH,meass)
2}dt
(14)
whereK0 = 50 gives a reasonable weight between variation
of Pe andTSH . The result is shown in table I
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Fig. 3. Modeled (dashed) and measuredPe andTsh for variation of input
ṁe
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Fig. 4. Modeled (dashed) and measuredPe andTsh for variation of input
fc,ref
Simulated and measured values for experiment 2 and 4 are
shown in fig. (3) and (4). It is seen that the model gives a good
description of the dominating dynamics of the system when
optimized values are used. Fig. (5) shows the simulated output
using the estimated mean values. The dynamics are again well
described but DC values are badly modelled. This means that
the DC value problem needs a special treatment.
IV. N EW CONTROL METHODS
The steady state value of the pressure given by the model
c2
fmin
fc
Ṗe = −Pe +
ṁe
αcfc,ref
(15)
is proportional toṁe/αc. In the model verification section
the uncertenty ofαc was shown. The refrigerant floẇme was
measured, but in a practical control scheme an estimate ofṁe
has to be used. This means that the gainṁe/αc may have
an error up to30% of the best guess. Because the measured
TABLE I
EXPERIMENTS FOR MODEL VERIFICATION
Experiment c1 c2 αc xδ c0 J
1. fc,ref = 40 and0.020 < ṁe < 0.024 3e5 10 1.7757e− 4 0.1604 242.6 1.4373
2. fc,ref = 50 and0.026 < ṁe < 0.030 3e5 10 1.8682e− 4 0.1310 274.5 1.2464
3. fc,ref = 60 and0.029 < ṁe < 0.033 3e5 10 1.8015e− 4 0.1957 294.5 3.2409
4. ṁe = 0.022 and35 < fc,ref < 45 3e5 10 1.7925e− 4 0.1429 223.7 2.3106
5. ṁe = 0.028 and45 < fc,ref < 55 3e5 10 1.8282e− 4 0.1390 265.2 3.5094
6. random 3e5 10 1.7765e− 4 0.1650 238.9 1.9463
7. random 3e5 10 1.8673e− 4 0.1494 269.6 1.6897
8. random 3e5 10 1.7876e− 4 0.1658 276.1 1.1648
mean values 3e5 10 1.8122e− 4 0.1562 260.6
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Fig. 5. Modeled (dashed) and measuredPe andTsh for variation of input
ṁe using estimated mean values
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Fig. 6. Model with PI control of inputme.
pressurePe is of good quality a way to overcome this problem
is to control the pressure by an PI-controller. The controlle
ṁe =
αcfc,ref
τ0
1+c2
fmin
fc
p
p
(Pe,ref − Pe) (16)
gives the closed loop for the pressure
τ0Ṗe = −Pe + Pe,ref (17)
The variation in the gaiṅme/α1 then only influence the time
constantτ0. The evaporation temperatureTe based on the
pressurePe may be calculated by
Te = TDewP (Pe) ≈ −a0 + a1Pe (18)
where the linear approximation is valid over a wide range. The
resulting cascaded structure shown in fig. (6) thin gives the
following model for the relative fillingxe and the evaporation
temperature
c1ẋe = (hg − hi)αcfc,refPe − c0xe(Tw + a0 − a1Pe)
τ0Ṗe = −Pe + Pe,ref
(19)
In equation (19)xe has to be controlled to a valuex0e by
Pe,ref . If Pe was the control input it should be given the
valueP 0e calculated by equ. (20)
(hg−hi)αcfc,refP
0
e −c0xe(Tw +a0−a1P
0
e ) = −k1(xe−x
0
e)
(20)
This gives for constantx0e
c1p(xe − x
0
e) = −k1(xe − x
0
e)
+ ((hg − hi)αcfc,ref + c0xea1) (Pe − P
0
e )
τ0p(Pe − P
0
e ) = −(Pe − P
0
e ) + Pe,ref − P
0
e − τ0pP
0
e
(21)
The positive definite Lyapunov function candidate
P = 12c1(xe − x
0
e)
2 + 12τ0k2(Pe − P
0
e )
2 (22)
then has the time derivative
Ṗ = −k1(xe − x
0
e)
2 − k2(Pe − P
0
e )
2
+(Pe − P
0
e )k2U
U = Pe,ref − (1 + τ0p)P
0
e
+
(hg−hi)αcfc,ref+c0xea1
k2
(xe − x
0
e)
(23)
For a control inputPref
Pref = (1 + τ0p)P
0
e −
(hg−hi)αcfc,ref+c0xea1
k2
(xe − x
0
e) (24)
giving U = 0 the time derivative of the Lyapunov function
becomes
Ṗ = −k1(xe − x
0
e)
2 − k2(Pe − P
0
e )
2 (25)
This function is negative definite for positivek1 > 0 and
k2 > 0, leading to a stable closed loop system.
The new backstepping controller
P 0e =
c0xe(Tw+a0)−k1(xe−x
0
e)
(hg−hi)αcfc,ref+c0xea1
Pe,ref = (1 + τ0p)P
0
e −
(hg−hi)αcfc,ref+c0xea1
k2
(xe − x
0
e)
ṁe =
αcfc,ref
τ0
1+c2
fmin
fc
p
p
(Pe,ref − Pe)
ṁe = sat(ṁe, ṁe min, ṁe max)
(26)
The developed backstepping controller equ. (26) is tested
on a simulation model based on estimated mean value model
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Fig. 7. simulatedxe andPe for variation of inputmν using the backstepping
controller for known parameters
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Fig. 8. simulatedxe and Pe for variation of c0 using the backstepping
controller for constantc0 equal to the value before the change.
parameters. The result is shown in fig. 7 for the following
controller parameters
τ0 = 2
k1 = 10
6
k2 = 10
6
x0e = 0.96
a0 = 26
a1 = 8.5
(27)
based on model knowledge. The variation inxe caused by the
variation inme is small due to the small time constantτ0 for
the pressure controller. In the controllerc0 is assumed known
leading to a steady stateme equal to the reference.
Fig. 8 shows the simulated output ifc0 is changed during
the simulation. The figure shows no the need for an adaptation
of the c0 value.
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Fig. 9. Measuredfc, Tsh and Q̇e using the backstepping controller
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Fig. 10. Measuredfc, Tsh andQ̇e using a conventional TXV controller
V. EXPERIMENTS
Fig. 9 shows the performance of the new controller for a
step change of the compressor speedfc between maximum and
minimum. Only a small variation of the superheat temperature
is seen even if the superheat reference is as low as5 degree
Celsius. The figure also shows the variation of the cooling
capacity. Fig. 10 shows the same experiment for a conventional
TXV controller. The disturbance of the superheat temperature
due to step in compressor speed is significant compared to fig.
9 and may lead to hunting effects. Fig. 11 shows the startup
of both the new controller and the TXV controller. The lower
curve in the figure is the new controller and it is seen to obtain
the steady state value faster than the TXV controller. This
means that pulse width modulation during low load may be
more energy efficient with the new controller.
VI. CONCLUSION
A new control strategy is compared to a conventional control
strategy based on a thermostatic expansion valve for control
of the superheat. A low order model for the highly nonlinear
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Fig. 11. MeasuredTsh at startup. The lower curve is the new controller and
the upper curve is the conventional TXV controller.
system with compressor speed and refrigerant flow as inputs
and superheat as output is derived and verified experimentally.
The model has a form where backstepping may be used as
a nonlinear design method. The developed method gives a
superheat control which is nearly independent of the cooling
capacity. The stability of the proposed method is validated
theoretically by Lyapunov analysis and experimental results
shows the performance of the system for a wide range of
operating points.
Compared to other methods no gain scheduling of the
superheat controller is necessary to cover a large region of
operation. The comparison between this new controller and the
conventional TXV controller shows that continuous controlis
possible for all values of the cooling capacity with the new
controller.
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